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Abstract 
Dynamic behavior and stability of system ‘tool-workpiece’ when machining HCCI with pCBN tools are determined by the processes which 
occur in cutting zone. The cutting process is characterized by formation of tool protection layer (TPL) on the chip contact area but its stability 
depends on the workpiece material composition, tool material and cutting conditions. The higher content of Si in the HCCI promotes the TPL 
formation and its stability. The presence and stability of TPL, besides the cutting edge protection, provides the system with additional damping 
resulting in the suppression of vibrations. A low Si content and low cutting speed leads to increase of cutting forces that in turn causes the self-
generated vibration occurrence. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The superior wear resistance of high-chromium white cast 
iron (HCCI) makes these materials efficient for applications 
in aggressive environments where the resistance to abrasion, 
erosion and erosion-corrosion are required, for example, 
slurry pump casings and impellers, crushers, breaker screens, 
gravel and dredge pumps, etc. According to multiple studies 
of microstructure and properties of HCCI during last decade 
[1-3], its high wear resistance is attributed to a combination of 
hard primary and eutectic carbides of M7C3 and a relatively 
ductile ferrous matrix. The designation M includes carbide 
forming alloying elements such as Fe, Cr, etc. Other carbides 
such as M23C6 can also be produced depending mainly on the 
chemical composition of HCCI. The hardness of the carbides 
is in the range of 1200-1800 HV [4] their shape and 
distribution varies with material composition and also is 
determined by the heat treatment. 
However, in spite of the high operational value of HCCI, 
the material is difficult-to-machine since the amount and 
hardness of the microstructural carbides constituents is 
extremely high [3-5]. The cutting process, therefore, is 
accompanied by the severe tool wear and tool deterioration 
which results in the increase of cutting forces as well as in the 
generation of intensive forced and self-excited vibrations. 
The objective of the paper is an exposure of correlations 
between system dynamic response and related cutting process 
through the study of tool-workpiece dynamic interaction when 
machining HCCI with pCBN tools. The workpieces of two 
chemical compositions, supplied in as-cast and hardened 
states, provide the variety of microstructures in terms of 
amount, shape and distribution of carbide inclusions. The 
process was considered with a focus on tool wear specifics 
and related dynamic response of system “tool-workpiece”. 
The study of the dynamics includes measurements of 
generated cutting forces and toolholder vibrations with further 
analysis of the obtained data in frequency and time domains. 
2. Test setup and conditions 
All machining tests were performed on SMT500 CNC 
machine tool with the motor power of 70 kW and the spindle 
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speed rated up to 4000 rpm. The workpiece materials were 
HCCI bars of different chemical compositions (Types 1 and 2) 
and heat treatment with size 70u380 mm. The compositions 
and corresponding microstructures of the cast irons are shown 
in Table 1 and Fig. 1. The hardness of the materials was 54 
and 40 HRC in an as-cast state for Type 1 and Type 2 HCCI, 
respectively. The hardness of quenched workpieces of both 
types was around 57-58 HRC. 
 
Nomenclature 
HCCI   high-chromium white cast iron 
bCBN    binderless pCBN tool 
hCBN    industry grade CBN500 tool 
TWT    Tool Wear Test: vc = var, f = const 
FT    Force Test: vc = const, f = var 
 
Dry machining was carried out throughout the tests. 
Continuous longitudinal turning was performed with two 
grades of pCBN tools with high cBN content. The tools were 
designated as ‘bCBN’ – binderless pCBN with 97% of cBN 
(ISHM, Ukraine) and ‘hCBN’ – industrial CBN500 grade 
(SECO Tool AB, Sweden) with 90% cBN content and 10% of 
(AlN+WB2) as a binder. The tools were chamfered round 
inserts of type RNGN 120400S02020 with chamfer – 0.2x20º 
mm. Standard toolholder CRDNN 3225P12-ID was used for 
all the tests that provided the side rake and back rake angles 
equal -6º. 
 
    
     
Fig. 1 Type 1 a) as-cast; b) hardened and Type 2 c) as-cast; d) hardened 
Table 1. Chemical composition of HCCI (% vol.) (reduced) 
HCCI Fe C Si Mn P Cr Ni Mo 
Type 1 70.55 2.71 0.8 0.34 0.019 25.3 0.11 0.02 
Type 2 69.2 2.95 1.47 0.35 0.022 25.7 0.12 0.02 
 
Two types of tests were conducted: ‘Tool Wear Test 
(TWT)’ and ‘Force Test (FT)’, with variable cutting speed and 
feed rate, respectively. The TWT allows the study of tool wear 
specifics and morphology, FT – the study of the dynamic 
response of sharp tools. Cutting conditions selected for TWT 
were vc = 120, 140, 160 m/min, f = 0.4 mm/rev; for FT – vc = 
150 m/min; f = 0.1, 0.2…0.6 mm/rev. The depth of cut was 
kept constant for all of the tests and equal ap = 1.5 mm. 
The measurement and reconstruction of worn cutting edges 
were performed by the optical 3D measurement system 
Alicona Mod. InfiniteFocus Real3D. Inspection of the tool 
wear morphology was carried out by a scanning electron 
microscope LEO SEM 1560. Formation of TPL was studied 
by energy dispersive X-Ray (EDX) analysis. ISIS 300 
Microanalysis System was used for the EDX analysis. 
Dynamic data include the measured cutting forces and tool 
vibrations generated when machining. Three-axis piezoelectric 
dynamometer Kistler type 9129AA was utilized for the 
measurement of forces. Registration of vibration signals in 
two orthogonal directions was carried out with Bruel&Kjær 
accelerometers type 8309, frequency range up to 60 kHz. 
Spectra of forces and accelerations were acquired, amplified 
and recorded simultaneously with sampling rate 1 kHz and 
120 kHz, respectively. The scheme of data acquisition system 
is illustrated in Fig. 2. Signal pre-processing was carried out in 
Matlab environment. FFT analysis was used for extracting 
signal characteristics in a frequency domain. Evolution of the 
signal in time was studied by the continuous wavelet 
transform (CWT). 
 
 
Fig. 2. Scheme of data acquisition system 
3. Results and discussion 
3.1. Forces and accelerations analysis 
Dependencies of mean values of cutting forces on the feed 
rate used in ‘FT’ test for considered workpiece materials are 
presented in Fig. 3. 
 
    
     
Fig. 3. bCBN tools a) Type1; b) Type 2; hCBN tools c) Type 1; d) Type 2 
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The increase of forces along with the feed values is a 
regular and familiar phenomenon that is related to the increase 
of chip area. In case of machining as-cast HCCIs, the force 
dependencies have mostly a close to linear nature when feed 
rate exceeds the value of 0.3 mm/rev. The change of force rate 
is probably caused by the influence of chamfer. In case of 
cutting hardened cast irons, the dependencies have a nonlinear 
increasing nature and the increase of forces varies from 1.2 to 
2.5-folds as compared to as-cast HCCI. Passive forces are 
more sensitive to the influence of feed rate that is a result of 
higher material hardness and abrasiveness as well as cutting 
edge degradation, in spite of the fact that the tool edges were 
assumed to be sharp during the tests. 
Results of vibration measurements during the ‘FT’ test are 
shown in Fig. 4. 
 
    
     
Fig. 4. bCBN a) Type1; b) Type 2; and hCBN tools c) Type 1; d) Type 2 
The obtained results show more complicated character of 
the process that is associated with some hidden mechanisms 
of energy dissipation. The presence of linear correlation 
within the feed rate range 0.1-0.3 mm/rev is probably related 
to the chamfer effect on the build-up of vibrations amplitude. 
When feed rate reaches a value of 0.3 mm/rev the vibration of 
tool depends mainly on the features of workpiece materials. 
In case of machining as-cast HCCI of Type 1 (Fig. 4 a, c), 
the rising nature of vibration amplitude was observed for both 
tool grades. Machining of quenched materials is accompanied 
by a dramatic increase of vibrations that is apparently caused 
by the higher workpiece hardness and cutting forces. 
At the same time, significant suppression of vibrations 
occurs when machining HCCI of Type 2 (Fig. 4 b, d). Taking 
into account the rising cutting forces under the same 
conditions and the assumption about zero tool wear such a 
behaviour can be explained by the specifics of processes in 
the contact zone just after the cutting started. 
Results of ‘TWT’ tests show the particulars of vibrations 
evolution along with the development of tool wear during the 
pass. Results of the measurements are presented in Fig. 5. 
In this case, all parameters of cutting process, including 
tool wear and heat generation, determine the dynamics of the 
system. Turning HCCI of Type 1 (Fig. 5 a, b) is characterized 
by a nonlinear decrease of amplitude of vibrations with some 
tendency to stabilization at the end of the pass. Cutting HCCI 
of Type 2, under the same conditions, is characterized by the 
suppression of vibrations in several seconds after the tool 
entry (Fig. 5 c, d). The higher temperature of the process 
(higher cutting speed and cutting by the end of the pass) 
promotes the process stabilization under all test conditions. 
 
    
     
Fig. 5. Acceleration evolution. Type 1 HCCI a) 120 m/min; b) 160 m/min; 
Type 2 HCCI c) 120 m/min; d) 160 m/min 
More detailed look at the process can be done by CWT 
analysis of acceleration spectra that allows the signal in 
frequency-time space to study. Results of the CWT are shown 
in Fig. 6 and 7 when machining the cast iron of Type 1 and 2, 
respectively. 
 
    
     
Fig. 6. CWT spectrograms for Type 1 HCCI a) bCBN, 120 m/min; b) bCBN, 
140 m/min; c) hCBN, 120 m/min; d) hCBN, 140 m/min 
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Fig. 7. CWT spectrograms for Type 2 HCCI a) bCBN, 120 m/min; b) bCBN, 
140 m/min; c) hCBN, 120 m/min; d) hCBN, 140 m/min 
Left vertical axis represents RMS(Ca,b) values of CWT 
coefficients – white curve over the spectrogram, right axis – 
frequency scale. The Daubechies family wavelet “db3” was 
employed for all the analysis. 
The distinct difference between spectrograms of two 
materials is an appearance of strong self-generated vibrations, 
‘chatter’, within a frequency diapason 360-400 Hz when 
turning HCCI with low C-Si content (Type 1) (Fig. 6). The 
strong local increase of CWT coefficients, within the 
mentioned frequency range, is clearly seen in the 
spectrograms of as-cast materials at low cutting speed vc = 
120 m/min (Fig. 6 a, c). In case of machining hardened cast 
irons only some almost periodic ‘surges’ of CWT coefficients 
were observed on the spectrograms at vc = 140 m/min (Fig. 6 
b, d). 
At the same time, regenerative vibrations were not found 
when machining as-cast HCCI of Type 2 (Fig. 7 a, c). The 
process is characterized by a presence of clear harmonics at 
low cutting speeds when using bCBN tools (Fig. 7 a) and 
occasional appearance of the ‘surges’ along with harmonics 
when cutting with hCBN tools (Fig. 7 c). The turning 
hardened materials of Type 2 (Fig. 7 b, d) is accompanied by 
the harmonics, intermittent chatter marks, and noise at all 
frequency diapason. The second distinct difference is a level 
of RMS values of the CWT coefficients. In case of cutting 
HCCI with lower C-Si content the RMS(Ca,b) are 2 times 
higher as compared to those for HCCI of Type 2. This fact 
characterizes indirectly the higher stability of machining 
HCCI with higher C-Si content. 
Summarizing mentioned above the influence of cutting 
data and HCCI composition becomes evident, namely: the 
higher C-Si content in the cast iron promotes the suppression 
of the vibrations arose; turning HCCI with lower C-Si content 
with low cutting speeds is accompanied by stable ‘chatter’ 
appearance that results in the increase of vibration amplitudes. 
All these factors require further in-depth analysis of processes 
occurring in a cutting zone due to chemical and mechanical 
interactions between tool and workpiece materials. 
3.2. Tool wear analysis 
Results of the study of worn tools with 3D optical 
microscopy, 3D reconstruction of cutting edge, are presented 
in Fig. 8. The figure shows the tool edges for hardened HCCI 
after machining with cutting speed vc = 140 m/min only as 
more representative. 
 
    
     
Fig. 8. a) Type 1; b) Type 2, bCBN tool; c) Type 1; d) Type 2, hCBN tool 
(hardened HCCI, vc = 140 m/min, f = 0.4 mm/rev) 
Fig. 8 shows that the considered tools have different wear 
mechanisms. bCBN tools are mainly characterized by a crater 
formation, especially in the vicinity of h1min, an appearance of 
negative clearance and small roundness and flank wear land 
up to 40 μm that, in most cases, is merging with roundness. 
hCBN tools, in turn, is accompanied by a severe roundness 
formation up to 260 μm depending on cutting conditions. The 
roundness evidently causes the build-up of passive forces, 
while a presence of crater and flank wear leads to increase of 
process damping and suppressing vibrations. This fact 
explains well the system dynamic behavior when machining 
HCCI of Type 1 (see Fig. 6 and Fig. 8 a, c) and it is unsuitable 
for the case of turning high C-Si material were the roundness 
of hCBN tools, due to the wear process, is much higher (Fig. 
8 d). At the same time, the process is more stable and 
vibrations have much lower amplitudes. The mentioned 
requires more detailed analysis of the morphology of worn 
edges. 
Electron microscopy results of worn bCBN and hCBN 
tools are presented in Fig. 9 and 10, respectively. 
The microscopy shows a large amount of adhered layer on 
the tool contact area that performs a protective function for 
cutting edges – tool protection layer (TPL). The area covered 
by the layer depends on cutting conditions, tool and 
workpiece materials used. 
Machining HCCI with hCBN tools (Fig. 10) is 
characterized by the stable TPL that covers all chip contact 
zone, except an area of maximum chip thickness. TPL on the 
bCBN tools (Fig. 9) almost disappears when machining 
hardened HCCI with high cutting speeds (Fig. 9 b, d). The 
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residues of TPL are concentrated mainly in the vicinity of 
h1min. Hence, it can be concluded that the binder material of 
hCBN tools, as well as higher content of Si in the workpiece 
material, promotes the stable formation and sustaining the 
TPL at the considered test conditions. 
 
    
     
Fig. 9. SEM of bCBN worn tools a) HCCI of Type 1, as-cast, 160 m/min; b) 
hardened, 140 m/min; c) Type 2, as-cast, 120 m/min; d) hardened, 160 m/min 
 
    
     
Fig. 10. SEM of hCBN worn tools a) HCCI of Type 1, as-cast, 160 m/min; b) 
hardened, 140 m/min; c) Type 2, as-cast, 120 m/min; d) hardened, 160 m/min 
High cutting speed, above vc = 140 m/min, leads to 
vibrations development that in turn results in breakage of TPL 
and carrying it off from the cutting zone.  
The chemical composition of TPL was studied by the EDX 
spectroscopy and shown in Fig. 11. 
 
   
Fig. 11. EDX spectra of TPL on bCBN (a) and hCBN (b) tools 
The EDX spectra show that TPL consists of the Al, O and 
a small amount of Si. Therefore, it can be assumed that the 
main component of TPL is Al2O3 in amorphous and/or 
crystalline states and residues of SiO2. The similar mechanism 
was considered in [6]. The wear debris layer (Spectrum 3 and  
27) consists mainly of iron and chromium oxides and boron 
nitride introduced by the workpiece and tool materials, 
respectively. Therefore, the brittleness of TPL is evidently 
related to its ceramic nature that explains the sensitivity of the 
layer stability to workpiece hardness, cutting speed and 
vibrations generated. 
On the other hand, the appearance of TPL and its stability 
determines the machining process itself. Friction conditions 
between workpiece and tool materials become variable during 
the pass, dependent on the cutting data, tool material and 
HCCI grades which, in turn, determine the system dynamics. 
4. Conclusions 
Machining HCCI of two types with high-pCBN tools 
shows abnormal correlation with strong nonlinearity between 
forces and vibration level. The in-depth analysis confirmed 
that the process is characterized by two different mechanisms 
of energy dissipation. Both mechanisms are related to the 
conditions of TPL formation. First one – machining HCCI 
with low C-Si content and/or low cutting speeds – is provoked 
by the instability of the layer. This leads to increase of cutting 
forces which cause the chatter generated due to low stiffness 
of the workpiece. Second mechanism – HCCI with higher Si 
content – is related to the stable formation of TPL that, in 
turn, increases the system damping resulting in the vibrations 
suppression. 
The presence of higher concentration of Si in workpiece 
materials together with high cutting speed (high temperature 
in cutting zone) promotes the reaction of formation of ‘tool 
protection layer’ on the rake face and sustains its stability 
during machining. 
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